Abstract. We performed an exome-wide association study (EWAS) to identify genetic variants -in particular, low-frequency or rare variants with a moderate to large effect size -that confer susceptibility to aortic aneurysm with 8,782 Japanese subjects (456 patients with aortic aneurysm, 8,326 control individuals) and with the use of Illumina HumanExome-12 DNA Analysis BeadChip or Infinium Exome-24 BeadChip arrays. The correlation of allele frequencies for 41,432 single nucleotide polymorphisms (SNPs) that passed quality control to aortic aneurysm was examined with Fisher's exact test. Based on Bonferroni's correction, a P-value of <1.21x10 -6 was considered statistically significant. The EWAS revealed 59 SNPs that were significantly associated with aortic aneurysm. None of these SNPs was significantly (P<2.12x10 -4 ) associated with aortic aneurysm by multivariable logistic regression analysis with adjustment for age, gender and hypertension, although 8 SNPs were related (P<0.05) to this condition. Examination of the correlation of these latter 8 SNPs to true or dissecting aortic aneurysm separately showed that rs1465567 [T/C (W229R)] of the EGF-like, fibronectin type III, and laminin G domains gene (EGFLAM) (dominant model; P=0.0014; odds ratio, 1.63) was significantly (P<0.0016) associated with true aortic aneurysm. We next performed EWASs for true or dissecting aortic aneurysm separately and found that 45 and 19 SNPs were significantly associated with these conditions, respectively. Multivariable logistic regression analysis with adjustment for covariates revealed that rs113710653 [C/T (E231K)] of the spermatogenesis-and centriole associated 1-like gene (SPATC1L) (dominant model; P=0.0002; odds ratio, 5.32) and rs143881017 [C/T (R140H)] of the ribonuclease A family member 13 gene (RNASE13) (dominant model; P=0.0006; odds ratio, 5.77) were significantly (P<2.78x10 -4 or P<6.58x10 -4
Introduction
Aortic aneurysm is a serious condition that results from an atherosclerotic aorta and is a leading cause of mortality in humans (1) . Studies on the genetic basis of familial aortic aneurysm have centered on the relationship between the condition to systemic connective tissue disorders such as Marfan syndrome (2) and Ehlers-Danlos syndrome (3) . Although the molecular mechanism underlying nonsyndromic aortic aneurysm is complex and has not been determined definitively, several risk factors, including age, arteriosclerosis, hypertension and inflammatory or autoimmune diseases that affect the aorta, have been identified clinically (4, 5) . In addition to these conventional risk factors, recent studies have shown the importance of genetic factors in the development of sporadic aortic aneurysm by revealing a heritability of ~70% (6) . Genomewide association studies (GWASs) have uncovered several loci and genes that confer susceptibility to aortic aneurysm in European ancestry populations (7) (8) (9) (10) (11) (12) , but genetic variants that contribute to the development of this condition in Japanese individuals have not been identified definitively.
Genetic variants previously associated with aortic aneurysm typically have a minor allele frequency (MAF) of >10% and a small individual effect size (7) (8) (9) (10) (11) (12) . Given that these common variants explain only a small fraction of disease heritability, low-frequency (MAF of 0.5-5%) or rare (MAF of <0.5%) variants with a larger effect size may contribute to the genetic architecture of aortic aneurysm (13) .
In the present study, we performed exome-wide association studies (EWASs) with the use of exome array-based genotyping methods to identify single nucleotide polymorphisms (SNPs) -in particular, low-frequency or rare coding variants with a moderate to large effect size -that confer susceptibility to aortic aneurysm in Japanese individuals. Given that most low-frequency or rare variants were not included in the arrays of previous GWASs, we used Illumina HumanExome-12 DNA Analysis BeadChip or Infinium Exome-24 BeadChip arrays, which provide coverage for functional SNPs including low-frequency or rare variants in entire exons.
Materials and methods
Study population. A total of 8,782 Japanese individuals (456 patients with aortic aneurysm, 8,326 controls) was examined. The subjects were recruited from individuals who visited outpatient clinics of or were admitted to participating hospitals (Gifu Prefectural Tajimi Hospital, Tajimi; Gifu Prefectural General Medical Center, Gifu; Japanese Red Cross Nagoya First Hospital, Nagoya; Inabe General Hospital, Inabe; Hirosaki University Hospital and Hirosaki Stroke and Rehabilitation Center, Hirosaki) either because they were experiencing various symptoms or for an annual health checkup between 2002 and 2014; from community-dwelling individuals recruited to a population-based cohort study in Inabe between 2010 and 2014 or in Tokyo or Kusatsu between 2011 and 2015; or from individuals who underwent autopsy at Tokyo Metropolitan Geriatric Hospital from 1995 to 2012.
True aortic aneurysm was defined as a permanent localized dilation of the aorta with a ≥50% increase in diameter relative to the expected normal size of the artery or with a diameter of >5 cm (14) . Dissecting aortic aneurysm was defined as separation of the aortic wall layers with resulting true and false lumens or as intramural hematoma (15) . The subjects with aortic aneurysm (279 with true aneurysm and 181 with dissecting aneurysm (four had both conditions) were examined by chest and abdominal X-ray and echocardiography followed by contrast medium-enhanced computed tomography. Some subjects were also examined by aortic angiography. Individuals with Marfan syndrome, Ehlers-Danlos syndrome, bicuspid aortic valve disease, aortitis syndrome, connective tissue disorder, congenital malformations of the heart or vessels, pseudoaneurysm, or traumatic aneurysm were excluded from the study. The control individuals had no history of aortic, coronary, or peripheral arterial disease; ischemic or hemorrhagic stroke; intracranial aneurysm; or other atherosclerotic, thrombotic, embolic or hemorrhagic disorders. Autopsy cases without aortic aneurysm were excluded from controls.
The study protocol complied with the Declaration of Helsinki and was approved by the Committees on the Ethics of Human Research of Mie University Graduate School of Medicine, Hirosaki University Graduate School of Medicine, Tokyo Metropolitan Institute of Gerontology, and participating hospitals. Written informed consent was obtained from each participant or from families of the deceased subjects.
EWASs. Venous blood (5 or 7 ml) was collected into tubes containing 50 mmol/l ethylenediaminetetraacetic acid (disodium salt), peripheral blood leukocytes were isolated, and genomic DNA was extracted from these cells either with the use of a DNA extraction kit (Genomix supplied by Talent, Trieste, Italy, or SMITEST EX-R&D supplied by Medical and Biological Laboratories, Nagoya, Japan) or by standard protocols based on phenol-chloroform extraction and spin columns. In autopsy cases, genomic DNA was extracted from kidneys. EWASs were performed for the 456 subjects with aortic aneurysm (or for the 279 subjects with true aneurysm or 181 subjects with dissecting aneurysm) and the 8,326 control subjects with the use of a HumanExome-12 v1.1 or v1.2 DNA Analysis BeadChip or an Infinium Exome-24 v1.0 BeadChip (Illumina, San Diego, CA, USA). These exome arrays include putative functional exonic variants selected from >12,000 individual exome or whole-genome sequences. The exonic content consists of ~244,000 SNPs representing diverse populations, including European, African, Chinese and Hispanic individuals (16) . SNPs contained in only one of the exome arrays (~3.6%) were excluded from analysis. We performed quality control (17) as follows. i) Genotyping data with a call rate of <97% were discarded, with the mean call rate for the remaining data being 99.9%. ii) Gender specification was checked for each sample, with samples for which the gender designation in the clinical records was inconsistent with genetic sex being discarded. iii) Duplicated samples and cryptic relatedness were checked by calculation of identity by descent; all pairs with DNA samples showing identity by descent of >0.1875 were inspected and one sample from each pair was excluded. iv) The frequency of heterozygosity of SNPs was calculated for all samples, with those found to have extremely low or high heterozygosity (>3 standard deviations from the mean) being discarded. v) SNPs in sex chromosomes or mitochondrial DNA were excluded from the analysis, as were nonpolymorphic SNPs or SNPs with a MAF of <0.1%. vi) SNPs whose genotype distributions in control individuals deviated significantly (P<0.001) from Hardy-Weinberg equilibrium were excluded. vii) The genotype data for each EWAS were examined for population stratification by principal components analysis (18) , and population outliers were excluded from the analysis. A total of 41,432 SNPs passed quality control and was subjected to analysis.
Statistical analysis.
Quantitative data for characteristics of the study subjects were compared between patients with aortic aneurysm and control individuals with the unpaired Student's t test. Categorical data were compared between the two groups with Fisher's exact test. Allele frequencies were estimated by the gene counting method, and Fisher's exact test was applied to identify departure from Hardy-Weinberg equilibrium. Allele frequencies of SNPs were compared between patients with aortic aneurysm and control subjects with Fisher's exact test. Multivariable logistic regression analysis was performed with aortic aneurysm as a dependent variable and independent variables including age, gender (0, woman; 1, man), the prevalence of hypertension (0, no history of this condition; 1, positive history), and genotype of each SNP. Genotypes of SNPs were assessed according to dominant [0, AA; 1, AB+BB (A, major allele; B, minor allele)], recessive (0, AA+AB; 1, BB), and additive genetic models, and the P-value, odds ratio, and 95% confidence interval were calculated. Additive models comprised additive 1 (0, AA; 1, AB; 0, BB) and additive 2 (0, AA; 0, AB; 1, BB) models, which were analyzed simultaneously with a single statistical model. To compensate for multiple comparisons of genotypes with aortic aneurysm, we applied Bonferroni's correction for statistical significance of association. Given that 41,432 SNPs were finally examined, a P-value of <1.21x10 -6 (0.05/41,432) was considered statistically significant. A quantile-quantile plot for P-values of allele frequencies in the EWAS for aortic aneurysm is shown in Fig. 1 . The inflation factor (λ) was 1.57. P-values for other comparisons were similarly adjusted by Bonferroni's correction. Statistical tests were performed with JMP Genomics version 6.0 software (SAS Institute, Cary, NC, USA).
Results
Characteristics of the subjects. The characteristics of the subjects enrolled in the study are shown in Table I . Age, the frequency of males, and the prevalence of hypertension, diabetes mellitus, dyslipidemia, chronic kidney disease and hyperuricemia were significantly greater in patients with aortic aneurysm than in control individuals.
EWAS of aortic aneurysm.
We examined the correlation of allele frequencies for 41,432 SNPs that passed quality control to aortic aneurysm using the Fisher's exact test. A Manhattan plot for the EWAS of aortic aneurysm is shown in Fig. 2 . After Bonferroni's correction, 59 SNPs were found to be significantly (P<1.21x10 -6 ) associated with aortic aneurysm (Table II) . The genotype distributions of these SNPs were in Hardy-Weinberg equilibrium (P>0.001) both among patients with aortic aneurysm and among the control individuals (data not shown).
Multivariable logistic regression analysis of the correlation of SNPs to aortic aneurysm.
The relation of the 59 identified SNPs to aortic aneurysm was examined further by multivariable logistic regression analysis with adjustment for age, gender and the prevalence of hypertension. Although 8 SNPs were related (P<0.05) to aortic aneurysm, no SNP was significantly [P<2.12x10 -4 (0.05/236)] associated with this condition (Table III) . We then examined the correlation of the 8 identified SNPs to true or dissecting aortic aneurysm separately. Five SNPs were related (P<0.05) to true aortic aneurysm (Table IV) , among which rs1465567 [T/C (W229R)] of EGF-like, fibronectin type III, and laminin G domains gene (EGFLAM) was significantly [P<0.0016 (0.05/32)] associated with this condition, with the minor C allele representing a risk 1.08
factor. No SNP was found to be related to dissecting aortic aneurysm (data not shown).
EWASs of true or dissecting aortic aneurysm. We next examined the relation of allele frequencies for the total of (Table V) or dissecting (Table VI) aortic aneurysm, respectively. The genotype distributions of these SNPs were in Hardy-Weinberg equilibrium (P>0.001) both among patients with true or dissecting aortic aneurysm and among control individuals (data not shown).
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Multivariable logistic regression analysis of the correlation of SNPs to true or dissecting aortic aneurysm.
The corrrelation of the 45 identified SNPs to true aortic aneurysm was examined further by multivariable logistic regression analysis with adjustment for age, gender and the prevalence of hypertension. Among these SNPs, rs113710653 [C/T (E231K)] of the spermatogenesis and centriole-associated 1-like gene (SPATC1L) was significantly [P<2.78x10 -4 (0.05/180)] associated with true aortic aneurysm, with the minor T allele representing a risk factor for this condition (Table VII) . The correlation of the 19 identified SNPs to dissecting aortic aneurysm was also further examined by multivariable logistic regression analysis with adjustment for age, gender and the prevalence of hypertension. The SNP rs143881017 [C/T (R140H)] of the ribonuclease A family member 13 gene (RNASE13) was significantly [P<6.58x10 -4 (0.05/76)] associated with dissecting aortic aneurysm, with the minor T allele representing a risk factor for this condition (Table VII) .
Correlation of SNPs to intermediate phenotypes of aortic
aneurysm. Finally, we examined the correlation of three SNPs (rs1465567, rs113710653 and rs143881017) to intermediate phenotypes (hypertension, diabetes mellitus, hypertriglyceridemia, hypo-HDL-cholesterolemia, hyper-LDL-cholesterolemia, chronic kidney disease, obesity and hyperuricemia) of aortic aneurysm. No SNP was found to be significantly [P<0.0021 (0.05/24)] associated with intermediate phenotypes (data not shown).
Discussion
True and dissecting aneurysms of the aorta develop as a result of progressive weakening of the vessel wall. They are associated with characteristic histological features including medial degeneration, which involves degeneration and fragmentation of elastic fibers as well as loss of smooth muscle cells and an accumulation of basophilic ground substances (19) . In the present study, we showed that rs1465567 [T/C (W229R)] of EGFLAM and rs113710653 [C/T (E231K)] of SPATC1L were significantly associated with true aortic aneurysm, whereas rs143881017 [C/T (R140H)] of RNASE13 was significantly associated with dissecting aortic aneurysm, in Japanese individuals. The minor alleles of these SNPs were all risk factors for these conditions.
The EGFLAM is located at chromosomal region 5p13.2-p13.1 (NCBI Gene, https://www.ncbi.nlm.nih.gov/gene) and is expressed in various tissues and organs including vascular smooth muscle (The Human Protein Atlas, http://www.proteinatlas.org). EGFLAM is an extracellular matrix-like protein that colocalizes with both dystrophin and dystroglycan to the synaptic cleft of the photoreceptor ribbon synapse in the retina and which directly interacts with dystroglycan. It plays an important role in interactions between the photoreceptor ribbon synapse and bipolar dendrites (20, 21) , and it is implicated in defective photoreceptor synaptic function associated with congenital muscular dystrophies such as muscle-eye-brain disease caused by defective glycosylation of α-dystroglycan (22) . A genome-wide pharmacogenomics study identified EGFLAM as a potential susceptibility locus for citalopram-induced side effects (23) . We have now shown that rs1465567 [T/C (W229R)] of EGFLAM was significantly associated with true aortic aneurysm, with the minor C allele representing a risk factor for this condition, although the molecular mechanism underlying this association remains unclear.
The SPATC1L is located at chromosomal region 21q22.3 (NCBI Gene) and is expressed in various tissues Table IV 
Dominant
Recessive Additive 1 Additive 2 and organs including vascular smooth muscle (The Human Protein Atlas). SPATC1L is distributed in the cytoplasm, nucleus, and perinuclear region of cells, and it translocates to the sites of cell-cell junctions in response to stimulation of cells with the neuropeptide neurokinin A (24) . Expression of SPATC1L was also found to modulate the response of cells to N-methyl-N'-nitro-N-nitrosoguanidine and may thereby protect cells from cell death induced by this DNA-damaging agent (25) . We demonstrated that rs113710653 [C/T (E231K)] of SPATC1L was significantly associated with true aortic aneurysm, with the minor T allele representing a risk factor for this condition, although the functional relevance of this association remains to be elucidated.
RNASE13 is located at chromosomal region 14q11.2 (NCBI Gene) and is expressed at a high level in the epididymis (The Human Protein Atlas). A GWAS showed that an SNP (rs3748348) located in the vicinity of RNASE13 was associated with executive functioning resilience (26) . Gene-based analyses also revealed a genome-wide significant association between RNASE13 and executive functioning resilience (27) . We now showed that rs143881017 [C/T (R140H)] of RNASE13 was significantly associated with dissecting aortic aneurysm, with the minor T allele representing a risk factor for this condition, although the molecular mechanism underpinning this association remains unknown.
Previous GWASs identified the SNPs: rs10757278 of CDKN2BAS, rs7025486 of DAP2IP, rs1466535 of LRP1, rs2118181 of FBN1, rs6511720 of LDLR and rs599839 of SORT1 as susceptibility loci for aortic aneurysm (7) (8) (9) (10) (11) (12) . The MAFs of these SNPs were >10%, and the odds ratios were 0.8-1.8 (5.7-12.28). We now identified three novel loci that may confer susceptibility to true or dissecting aortic aneurysm, with the odds ratios (MAF, %) of rs1465567 of EGFLAM, rs113710653 of SPATC1L, and rs143881017 of RNASE13 being 1.63 (25.1%), 5.32 (1.9%),and 5.77 (0.5%), respectively. Although rs1465567 of EGFLAM was a common variant with a small effect size, rs113710653 of SPATC1L and rs143881017 of RNASE13 were low-frequency variants with moderate to large effect sizes.
There are some limitations to the present study: i) Given that the number of subjects with aortic aneurysm was relatively small and the results of the study were not replicated, our findings will require validation with other independent subject panels or in other ethnic groups. ii) It is possible that rs1465567 of EGFLAM, rs113710653 of SPATC1L, or rs143881017 of RNASE13 is in linkage disequilibrium with other polymorphisms in the same gene or in other nearby genes that are actually responsible for the development of true or dissecting aneurysm. iii) The functional relevance of these SNPs to the pathogenesis of true or dissecting aneurysm remains to be elucidated.
In conclusion, rs1465567 of EGFLAM and rs113710653 of SPATC1L may be susceptibility loci for true aortic aneurysm and rs143881017 of RNASE13 may be such a locus for dissecting aortic aneurysm in Japanese individuals. Determination of genotypes for these SNPs may prove informative for assessment of the genetic risk for these conditions in Japanese individuals.
